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ABSTRACT Reliability is becoming increasingly important for many applications envisioned for future
wireless systems. A technology that could improve reliability in these systems is massive MIMO (Multiple-
Input Multiple-Output). One reason for this is a phenomenon called channel hardening, which means that
as the number of antennas in the system increases, the variations of channel gain decrease in both
the time- and frequency domain. Our analysis of channel hardening is based on a joint comparison of
theory, measurements and simulations. Data from measurement campaigns including both indoor and
outdoor scenarios, as well as cylindrical and planar base station arrays, are analyzed. The simulation
analysis includes a comparison with the COST 2100 channel model with its massive MIMO extension.
The conclusion is that the COST 2100 model is well suited to represent real scenarios, and provides a
reasonable match to actual measurements up to the uncertainty of antenna patterns and user interaction.
Also, the channel hardening effect in practical massive MIMO channels is less pronounced than in complex
independent and identically distributed (i.i.d.) Gaussian channels, which are often considered in theoretical
work.
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measurements, reliability.

. INTRODUCTION
ISSION-CRITICAL applications such as remote
surgery, intelligent transportation systems and indus-
try automation are envisioned to be based on wireless
connectivity in the future. To realize these applications, reli-
able communication is required. Massive MIMO [1], [2]
has in theory shown a potential to increase reliability; by
deploying a massive number of antennas at the base sta-
tion side, an unprecedented level of spatial diversity can be
exploited. Additional advantages are that both spectral and
energy efficiency increase. However, the enhanced reliability
is the main focus of this paper.
Stable channels are essential in order to achieve reliability
in communication systems. In massive MIMO systems, the
channel gain becomes more concentrated around its mean

when increasing the number of base station antennas. This
phenomenon, where a fading channel behaves more deter-
ministically, is called channel hardening. The decreasing
fading variations will also render a more stable capacity. The
channel hardening effect can be studied from two points of
view. The first point is that the fading over frequency is
reduced due to the decrease of experienced delay spread.
The second point is channel hardening in the time domain,
where the temporal fading decreases as a result of the coher-
ent combination of the signals from the many base station
antennas.

The theory of channel hardening has been discussed in
many papers, see, e.g., [1], [3]-[7]. In [3] and [4] a definition
of channel hardening is given and the authors in [5] introduce
and derive closed form results for the coefficient of variation
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of channel gain, which further relates to the characteris-
tics of the channel, which are affecting channel hardening.
In [7], a proof of complete convergence of channel hard-
ening in massive MIMO with uncorrelated Rayleigh fading
is presented. Although co-located massive MIMO systems
are shown to provide channel hardening, this might not be
the case in cell-free massive MIMO [8]. Much research has
been carried out on the theoretical aspects of channel harden-
ing, not as many studies have investigated this phenomenon
experimentally [9]-[14].

Early theoretical massive MIMO studies and proofs of
channel hardening have been relying on the assumption that
the channels experience such rich scattering that they can be
modeled as complex independent and identically distributed
(i.i.d.) Gaussian channels. However, it has been shown in
measurements that this is not the case [15], [16] in prac-
tice. In general, real massive MIMO channels are spatially
correlated. This phenomenon has been acknowledged and
recently it has also been taken into account in theoretical
analyses of channel hardening [3], [17]. The other extreme
channel is the keyhole channel, which is shown to not pro-
vide any channel hardening [4]. Any real massive MIMO
system will experience a channel hardening somewhere in
between; here we investigate what actually can be expected
in different real scenarios.

To develop and assess the system performance of future
mission-critical applications, adequate channel models that
can capture the relevant channel characteristics are needed.
However, the relation between experiments and models has
not been studied so far. Several channel models could
be used for this purpose, such as the QuaDRiGa chan-
nel model [18], [19] with extensions for WINNER-type
models [20], the 3GPP channel model (TR 38.901) [21],
the IMT-2020 channel model [22], and the METIS channel
model [23]. Here, the COST 2100 channel model [24], [25]
is chosen as it is a geometry-based stochastic channel model
(GSCM) with the important property that it can consistently
describe the channel in space, time and frequency. It also
realistically captures the behavior at a multipath level. The
model has recently been extended with features such that
it realistically can reflect characteristics that are prominent
in measured massive MIMO channels [26], [27]. To serve
as an adequate channel model for the intended applications,
all important channel aspects that affect system performance
should be caught by the model; this leads to the questions
if and how the channel model realistically can capture the
channel hardening effect as well, and what are appropriate
model parameters.

The contribution of this paper is twofold. First, chan-
nel hardening has been validated by experiments; this being
a key part in the process of extracting relevant parame-
ters that can be used for accurate channel modeling. We
extend our analysis in [9] with evaluation of more param-
eters and thereby providing further insights; the number
of analyzed scenarios has been extended and the analy-
sis is now also including outdoor environments as well as
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different antenna arrays. We present generalized values for
what can be expected in terms of channel hardening in a
co-located massive MIMO system. The second contribution,
novel in relation to [9], is an assessment of the capabil-
ities of the COST 2100 channel model with its massive
MIMO extension to capture the channel hardening effect
and an evaluation of its model parameters. This is evalu-
ated by relating simulated results from the model to our
experimental findings. We highlight key parameters, related
to propagation and antenna characteristics, that affect the
channel hardening. With this knowledge, appropriate chan-
nel models and parameter sets can be selected and used
to acquire realistic massive MIMO channels; consequently,
these could be appropriate for development and assessment
of future wireless applications.

The structure of the paper is as follows; Section II
describes the measurement campaigns, including both the
scenarios and the equipment used. Section III presents theory
and the definition of channel hardening. The measurement
results, including generalized values for channel hardening
in different scenarios, are presented in Section IV. Section V
describes the COST 2100 channel model and the performed
simulations. Section VI presents a joint comparison between
theory, measurements and simulations in order to give a more
thorough and complete analysis of channel hardening in co-
located massive MIMO systems. In Section VII, the paper
is summarized and conclusions are presented.

II. MEASUREMENT SCENARIOS AND EQUIPMENT

The main focus of this work is on indoor propagation, as
this typically is the scenario with the richest scattering, and
therefore the environment where channel hardening is most
pronounced. Only single-antenna user equipment is consid-
ered, limiting this study to focus on how channel hardening
is affected when only changing the number of base station
antennas. For this primary scenario, the base station is situ-
ated in the front of an indoor auditorium, and is serving a
group of nine closely-spaced users. We also consider another
scenario, which is an outdoor scenario where a base station
is located on a roof serving nine closely-spaced users. Two
different measurement campaigns have been conducted and
the measured channels have been analyzed in terms of chan-
nel hardening. The first measurement campaign considered
both scenarios and the measurements were performed with
a channel sounder deployed with a cylindrical array. This
campaign and the performed measurements therein is further
described in [28]. The second measurement campaign aimed
at repeating and validating some of the measurements in the
indoor scenario with a real-time testbed equipped with a pla-
nar array. For all measurements the user equipment antenna
was a vertically polarized SkyCross SMT-2TO6MB-A.

A. INDOOR SCENARIO

The indoor measurement campaign was carried out in an
auditorium located at Lund University. As seen in Fig. 1, a
base station is standing in the front of the room and is serving
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FIGURE 1. The auditorium where the indoor scenario took place. The base station is
standing in the front of the room, at different positions depending on the array used in
the measurements, and the users are sitting in the back of the room to the left.

users sitting in the left back corner. With the cylindrical array,
simultaneous measurements were done when serving all nine
users. With the planar array, evaluations were performed for
user 1 and 5, which serve as representatives of users in the
front and in the back rows, respectively. The users were
mostly static during the measurements but were moving
the antennas slowly back and forth, tilted approximately
45 degrees, with a speed lower than 0.5 m/s. The mea-
surement campaigns also included, for both antenna arrays,
the case when the rectangle in Fig. 1 was almost full with
people in the vicinity of the active users.

B. OUTDOOR SCENARIO

In the outdoor scenario, the measurement campaign was
carried out in an open area at the campus of Lund University.
A base station was placed at the roof on top of the second
floor and measurements were performed both for a Line-
Of-Sight (LOS) scenario (position 1 in Fig. 2) and for a
non-LOS (NLOS) scenario (position 2 in Fig. 2). In both
cases, nine closely-spaced users were moving around within
a circle having a diameter of 5 m. The users were holding
the antennas tilted approximately 45 degrees.

C. CHANNEL SOUNDER

The RUSK LUND MIMO channel sounder was used for
the first measurement campaign with the cylindrical array.
This channel sounder is a multiplexed-array channel sounder,
meaning that the transfer functions for each transmit-receive
antenna pair is measured at a fast pace one after the other.
The cylindrical array connected to the channel sounder is
shown in Fig. 3. The array consists of 64 dual-polarized
patch antennas spaced half a wavelength apart at the car-
rier frequency of 2.6 GHz, resulting in 128 antenna ports
in total. The bandwidth is 40 MHz. The antenna elements
are in the measurement data numbered according to Fig. 3,
i.e., starting with the lower ring and finishing with the upper
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FIGURE 2. The outdoor scenario for both LOS (position 1) and NLOS (position 2).
The base station has a cylindrical array and is positioned on the roof. The users were
moving within a circle with a diameter of 5 m.
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FIGURE 3. The cylindrical base station antenna array as seen from above (left) with
the numbering of the antenna elements in the first ring, both vertically and horizontally
polarized. The cylindrical array seen from the side (right) with the numbering per ring.

ring as seen to the right in the figure. To the left in Fig. 3,
the lower ring is seen as from above. Important to note
is that odd-numbered antenna ports are vertically polarized,
even-numbered ones have a horizontal polarization. For the
indoor scenario the measurements produced 129 frequency
points and 300 snapshots taken over 17 seconds. This was
also done for the outdoor scenario, with the exception that
here 257 frequency points were measured. For the indoor sce-
nario, the time for sounding is 3.2 us for one transmit-receive
antenna pair, leading to a time per snapshot of approximately
7.37 ms. For the outdoor scenario, these values doubles due
to measuring twice as many frequency points.

D. REAL-TIME TESTBED

The Lund University Massive MIMO testbed (LuMaMi) was
used for the second measurement campaign with the planar
array. This testbed is based on software-defined radio tech-
nology and is operating in real-time at a carrier frequency
of 3.7 GHz with 20 MHz of bandwidth. More information
about the technical details of the testbed can be found in [29]
and [30]. The planar array connected to the testbed is shown
in Fig. 4, where the lower part shows the array from the
front. The upper four rows with 25 antennas at each row
are connected to one transceiver chain each, resulting in
100 antenna elements, spaced half a wavelength apart. Every
other antenna element is vertically polarized while the other
element has a horizontal polarization. The measurements
when using the testbed produced 100 frequency points per
user and for 20 seconds, 2000 snapshots were stored.!

1. For completeness, it should be noted that 9 snapshots were lost during
the measurements with user 1, and 7 snapshots during the measurements
with user 5, possibly due to bad synchronization. These snapshots were
therefore removed when analysing the data.
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FIGURE 4. The planar base station antenna array as seen from the front (lower).
Every other antenna is vertically and horizontally polarized (upper), where the
100 connected antennas are shown with their corresponding polarizations.

lll. CHANNEL HARDENING IN THEORY
Following [4], let hy be the channel vector between the base
station and user k. The channel hy offers hardening if

Var{||h|?}
E{[Ihe[12}’

where M is the number of base station antennas. In [5],
the coefficient of variation (CVZ) is introduced and further
derived as

— 0,as M — o0, (D

oVt — Var{|[H||%}
E{IH|2}’
4 _ 4
= gz(Atx, Dtx)gz(Arxv Drx)E{”c”—”(z:'u}
E{llcl?}
V: 2
ar{||c|| 2} )
E{llc/?}

where ||H||r is the Frobenius norm of H, £2( Ay, Dy) and
E%(Apy, Dyy) are the second moments of the inner products
between the steering vectors of two different physical paths
for the transmitter and receiver, respectively, and llel|? is the
accumulated channel gain from all physical paths. In our
case H = hg. The first term in (2) can be considered as a
small-scale fading factor. The second term can be considered
as a large-scale fading factor, which for channel coefficients
with independent channel gains with variance o2 and mean g
is shown to be equal to },(%)2 [51, where P is the number
of physical paths in the environment. Under the assump-
tions that the channel coefficients for all physical paths are
CN (0, 1) and that the steering vectors of the physical paths
are distributed uniformly over the unit sphere, (2) can be
further rewritten as

cvV? = %(1 —1/P)+1/P (3)

where we here consider M base station antennas and 1 user
antenna [5]. The standard deviation of the channel gain as a
function of the number of base station antennas and physical
paths is shown in Fig. 5, obtained through a simulation based
on (3) and then taking the square-root of the results. As
expected, more base station antennas increase the channel
hardening, although this is only true if there are enough
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FIGURE 5. Standard deviation of channel gain as a function of number of base
station antennas and the number of physical paths. Interpretation based on [5].

physical paths in the environment. The achievable channel
hardening in a specific environment will therefore be limited
either by the number of base station antennas or the number
of physical paths, assuming a fixed number of antennas for
the user equipment. It is worth noting in (3) that if the
number of physical paths P — oo, then the coefficient of
variation CV? — % If also the number of antennas M — oo
then CV? — 0, and the channel offers hardening as defined
in (1).

The data, acquired as previously described for the two
measurement campaigns, has been analyzed in order to val-
idate the theoretical channel hardening results. This is done
in the same way as in [9], and similar to the investigation
in [11], [12]. Specifically, the measured channel transfer
functions have been normalized according to

h;(n, f)
o S S S () 2

where N is the number of snapshots, F is the number of
frequency points and M is the number of selected base station
antennas, i.e., those over which the standard deviation is later
computed in order to obtain a measure of the experienced
channel hardening. This normalization makes sure that the
average power of each entry in hy, averaged over frequency,
time, and base station antennas, is equal to one.

For M selected base station antennas, the instantaneous
channel gain for each user is defined as

hi(n, f) = “4)

M
Gi(n,f) = All > am (. )1, 5)
m=1
such that the average channel gain
| NF
=55 2.2 G =1 6)
n=1f=1

is independent of the number of antennas selected at the
base station. This means that the base station can reduce the
total output power with a factor of M, i.e., the beamforming
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gain. The standard deviation of channel gain is computed
for each user according to

1 N F .
s = | =23 D 1Geln, /) — pul?, (7)

n=1 f=1

where the instantaneous channel gain for user k, Ek(n, .
is given in (5) and the average channel gain for user k, pug,
is given in (6). The standard deviation in (7) is indeed an
estimate, 6V(M), of the (square root of the) coefficient of
variation (3), for some M > 1. In the following, when quan-
tifying the channel hardening for some subset of antennas
of size M, we use the difference

VM) — CV(1) (8)

of the standard deviation as given in (7). This means that
depending on which antenna element that is chosen as the
reference element, the channel hardening will result in dif-
ferent values. How this reference element is chosen in our
analysis will be elaborated on in the next section.

IV. CHANNEL HARDENING IN PRACTICE

This section presents our contribution to the experimental
research on channel hardening in real environments, extend-
ing the initial results in [9] to include more scenarios, array
geometries and propagation characteristics. In addition, we
extend the analysis and provide further insights on aspects
that impact the experienced channel hardening and hence,
the overall reliability in massive MIMO systems.

For the indoor scenario with the cylindrical array, see
Fig. 1 and Fig. 3, the un-normalized average channel gain
for each of the 128 base station antennas is shown in Fig. 6,
for all nine users. Since the channels are not normalized,
what is seen are the actual measured differences in aver-
age channel gain between users and antenna elements in
the array. As expected, there are for each user large vari-
ations over the array which can be seen as the four larger
peaks and dips, one for each ring of antennas, due to some
antennas experiencing a LOS condition while some are not.
Fig. 3 is used as reference for the numbering of the anten-
nas in the rings as well as the numbering between the two
polarizations. The latter explains the more local variations in
Fig. 6, where the average channel gain is alternating between
every two consecutive antennas. Both these variations con-
tributes to an imbalance between the antenna elements in
the array. The results in Fig. 6 can also be explained as
an effect of the interaction between the cylindrical dual-
polarized array and the environment. The variations that are
seen show that the multipath components are not coming in
with equal strength from all directions. They are rather com-
ing dominantly from some distinct angles, in line with other
experimental studies [15], [16], and the previous analysis
in [28], where also the distribution of channel coefficients
can be found. Detailed cluster analysis can be found in [27]
this observation questions the appropriateness of modeling
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FIGURE 6. Unnormalized average channel gain for the 128 base station antennas in
the cylindrical array shown for all nine users. Numbering of the users is row-wise,
starting from the top left corner.
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FIGURE 7. Normalized channel gain for user 1 showing the single antenna with the
median average channel gain (lower) and the total channel gain for all 128 base station
antennas in the cylindrical array (upper).

massive MIMO channels with the complex Gaussian channel
model and strengthens the conclusion that massive MIMO
channels are indeed spatially correlated.

A. CHANNEL HARDENING IN TIME AND FREQUENCY

A clear visualization of the channel hardening effect is seen
in Fig. 7, where the normalized channel gain with a single
base station antenna versus the channel gain when using all
128 base station antennas is shown for user 1 in the indoor
scenario. For the single antenna case, M = 1, the antenna
element in the base station array which has the median aver-
age channel gain is chosen. For this single antenna, there are
large dips in both time and frequency. The combination of
all 128 antennas results in both array gain, yielding a higher
average, and smaller variations relative to this average. It is
evident that in the time domain, there is a channel hardening
effect. The channel flattens out when using a large number
of base station antennas; the remaining variations are caused
by the movements of the user equipment. The channel hard-
ening is even more evident in the frequency domain; for
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FIGURE 8. Standard deviation of channel gain as a function of number of base
station antennas when selecting antennas in different orders, for user 1 and the
cylindrical base station array, and the complex Gaussian channel as reference.

the measured scenario and the considered bandwidth, the
channel response becomes almost entirely flat. For compar-
ison, in this scenario, the difference between the maximum
and minimum normalized channel gain in the time domain,
averaged over subcarriers and for M = 1 and M = 128
respectively, is 36 dB and 9 dB. The corresponding values
for the frequency domain are 16 dB and 2 dB. In general
in massive MIMO systems, the result will be similar as it is
straight-forward to apply precoding to flatten out the channel
in the frequency domain. However, shadowing effects in the
time domain can not easily be compensated for.

B. CHANNEL HARDENING WITH DIFFERENT SUBSETS
OF ANTENNAS

The standard deviation of channel gain as the number of
base station antennas M increases from 1 to 128 is shown
in Fig. 8 for user 1. The channels are normalized according
to (4) and the instantaneous channel gain for every subset is
computed for all frequencies and snapshots as in (5) before
the standard deviation of channel gain for each subset is
computed using (7). The blue solid line shows the result for
the complex Gaussian channel, which for 128 base station
antennas has a channel hardening, measured as the decrease
in standard deviation of channel gain when going from 1
to 128 base station antennas as in (8), of around 10.5 dB.
This is close to the theoretical value of 101og;y(+/128) dB.
The standard deviation of channel gain is also shown in
Fig. 8 when selecting the antennas in different orders as the
number of base station antennas increases. All the curves
for the measured responses end up at the same point but
they evolve differently as the number of antennas increases
and have different reference elements and therefore different
starting points.

The case ‘Original’ is where the antennas are chosen in
the order shown in Fig. 3. For the indoor scenario, the first
few selected antennas are in NLOS and then some antennas
in LOS get included in the selected subset resulting in a
temporary increase of the standard deviation, as seen for the
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FIGURE 9. standard deviation of channel gain as a function of number of base
station antennas when using one of the polarizations or a combination of both, for
user 1 and the cylindrical base station array, and the complex Gaussian channel as
reference.

black dashed line. The case ‘Strongest first’ means choosing
the antennas with the highest average channel gain first, as
computed for all frequency points and snapshots. This seems
to be the most reasonable choice and leads to quite a steady
decrease of the standard deviation in logarithmic scale. For
comparison, the case ‘Weakest first’ is also shown, which is
simply the reverse of the ‘Strongest first’ label. This results in
a increase of the standard deviation when the antennas with
higher channel gain, relative to the already included antennas,
also are included in the subset. An observation from Fig. 8
is that whether the subset of selected antennas is in LOS,
NLOS or a combination therefore, affects the behavior of the
standard deviation curve, both in terms of starting point and
regarding the course of the curve. For further analysis see [9].
An additional remark is that even though the order ‘Weakest
first’ has the least variations around its average for M in
the range from 5 to 50 antennas, and thus offers the most
channel hardening, one should note that this still may not be
the option to go for since the power level is normalized for
the selected antennas. This makes them comparable in terms
of variations relative to their respective means but that does
not guarantee that choosing the weakest antenna first results
in a good enough channel in terms of absolute channel gain.
As an example, for M = 10, the un-normalized total channel
gain, as summed for the first ten antennas and the whole
bandwidth, is —30 dB for ‘Strongest first’ and —42 dB for
‘Weakest first’, averaged over snapshots. Therefore, only the
‘Strongest first’ order will be used in the analysis from now
on, in order to avoid any confusion.

As previously indicated, the polarization state is causing
variations in the channel gain over the array. Computing the
standard deviation for M = 1,...,64 when using one of
the polarizations or a combination of both yields the results
in Fig. 9. For ‘Both polarizations’, the set of antennas are
selected as one polarization per antenna, starting with vertical
polarization, and then alternating between the two polariza-
tions as it traverses through the rings. This means that the
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FIGURE 10. Standard deviation of channel gain as a function of number of base station
Gaussian channel as reference.

three options have the same aperture. The experienced chan-
nel hardening depends on the polarization set selected, and
thereby also on the selected reference element. Fig. 9 shows
the decrease of standard deviation when going from 1 to 64
antennas, using the definition in (8). When using the 64 hori-
zontally polarized antennas, the channel hardening is 2.7 dB,
while the case with the 64 vertically polarized antennas gives
a channel hardening of 2.8 dB. It is worth noting that even
though the channel hardening is almost the same for these
two curves, the specific value of the standard deviation of
channel gain at each point is smaller when using the vertical
polarization since these antennas already have smaller vari-
ations relative to its average compared to the horizontally
polarized antennas. An interpretation of this is that the chan-
nel already can be considered as ‘pre-hardend’, which could
be a result of the LOS component being mainly vertically
polarized. This is supported by the fact that when comput-
ing the mean of the un-normalized average channel gain, this
results in —64 dB for the vertically polarized antennas and
—68 dB for the horizontally polarized antennas. The most
channel hardening, and also the lowest standard deviation of
channel gain for M = 128, is achieved when using a com-
bination of both polarizations; then the channel hardening
is 4.2 dB. This is partly explained by the ability to exploit
polarization diversity in the environment, i.e., an increased
number of physical paths, but is also an effect of having
different reference elements.

C. ANALYSIS OF DIFFERENT SCENARIOS

To investigate differences and similarities between scenarios,
the channel hardening is also analysed for measurements
from the outdoor scenario, both in LOS and NLOS, as
depicted in Fig. 2. For all three scenarios, the users with the
most and least channel hardening are shown in Fig. 10(a)
and Fig. 10(b), respectively. Note that these are not necessar-
ily the users with the smallest and largest standard deviation
for a specific subset of antennas, such as for M = 128. In
Fig. 10(a) it can be seen that the user with the most channel
hardening is in the outdoor NLOS scenario. However, the
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antennas for the three different scenarios with the cylindrical array, and the complex

TABLE 1. Comparison of the antennas with the mean and maximum average un-

normalized channel gain in the different scenarios.

Scenario Mean | Maximum
Fig. 10a Indoor -71 -66
Outdoor LOS -100 -93
Outdoor NLOS | -107 -104
Fig. 10b Indoor -72 -66
Outdoor LOS -88 -81
Outdoor NLOS | -105 -99

channel from the indoor scenario could already be interpreted
as being ‘pre-hardened’, as it for each subset of antennas
already has a smaller standard deviation of channel gain rel-
ative to its mean. The users with the least channel hardening,
and also the largest standard deviation of channel gain for
M = 128, are in general found in the outdoor LOS scenario.
Recalling that the channels for the different users are nor-
malized, it should be noted that even though users in the
outdoor LOS scenario have the least channel hardening it
does not necessarily imply that it is a bad channel since
the un-normalized channel could still have a considerable
high received channel gain and that a strong LOS in general
gives good communication performance. A comparison of
the mean and maximum un-normalized channel gain in the
three scenarios is found in Table 1. It can be observed that
it is indeed the case that both the mean and the maximum
channel gain, as per antenna, are as expected higher in the
outdoor LOS scenario than in the NLOS scenario, although
lower than in the indoor scenario. However, the distances
are different and thereby also the pathloss.

Fig. 11(a) shows the empirical CDFs of their channel
gains when M = 128 for all scenarios and users, providing
further insights about the behaviour of the curves in the dif-
ferent scenarios. The marked users experience the least and
most channel hardening, also shown in Fig. 10(a) and 10(b),
respectively. Evidently, the steeper the CDF is, the more
channel hardening. Another observation is that if there are
strong outliers, the standard deviation level is increased; this
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FIGURE 11. Empirical CDFs of the normalized channel gain when using all 128 antennas in the cylindrical array, for all scenarios and users. The users marked in (a) black
dashed, (b) orange dotted and (c) green dash-dotted lines have the least and the most channel hardening, and correspond to the users shown in Fig. 10. To serve as reference,

the exponential distribution (A = 1) is in blue full line.

TABLE 2. Mean and standard deviation (std) of the ratio between the channel gains

of the vertical and horizontal polarization for the users in Fig. 10.

Scenario Mean ratio | Std ratio
Fig. 10a Indoor -0.7 8.0
Outdoor LOS -0.2 7.8
Outdoor NLOS -0.3 7.8
Fig. 10b Indoor 1.5 7.9
Outdoor LOS 14 79
Outdoor NLOS 1.1 7.9

is the case for the outdoor scenarios. As a reference, the
exponential distribution with A = 1 is also provided, corre-
sponding to the channel gain, i.e., |k|?, with a mean of 1 for
the one-antenna case where the channel is complex Gaussian
distributed; this means that there is no channel hardening.
Given this, the observation is that although the outdoor LOS
scenario is to a large extent similar to the reference curve
for higher channel gains, the risk of lower gains, affect-
ing the probability of outage, is reduced when combining
the many antennas. As a final remark on the comparison
between different scenarios, a quantification of the average
channel hardening results in 3.9 dB for the indoor scenario,
1.7 dB for the outdoor LOS scenario and 4.3 dB for the
outdoor NLOS scenario.

D. INFLUENCE OF POLARIZATION

After exploring the influence of LOS and NLOS on the expe-
rienced channel hardening, further investigations included a
revisit to take a closer look into the polarization aspect. In
Table 2, the mean and standard deviation of the ratio between
the channel gains of the vertical and horizontal polarization,
as per snapshot, frequency point and antenna element, are
shown for the users in Fig. 10. Although, they all seem to
have similar standard deviation, the mean is in general closer
to zero for the users with the most channel hardening; this is
likely contributing to a more even distribution of the channel
gain.
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FIGURE 12. Standard deviation of channel gain as a function of number of base
station antennas for user 1 and 5, and the complex Gaussian channel as reference.
The scenario is the indoor scenario where the users are surrounded by a crowd with
the cylindrical and the planar array, respectively.

E. INTERACTION BETWEEN ENVIRONMENT AND
ANTENNA ARRAY

The last aspect we want to further investigate is the
interaction between the environment and the array. Therefore,
measurements were also performed in the indoor scenario,
as previously has been described (see Fig. 1), with the planar
array shown in Fig. 4 for user 1 and 5. The resulting channel
hardening curves are shown in Fig. 12. For these measure-
ments the users were surrounded with a crowd, such that the
square in Fig. 1 was almost filled with people. The results in
Fig. 12 show that significantly smaller standard deviations
of channel gain, i.e., down to —6.8 dB, are achieved for both
users when using the planar array in comparison to using
the cylindrical array. This demonstrates that for a typical
deployment geometry, the planar array can better exploit the
diversity in the environment as more of the antennas are
effective and the distribution of channel gain over the array
is more even; the latter can be seen in Fig. 13 where the
slopes of the empirical CDFs of the normalized channel gain
for the scenario with the planar array are steeper.
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FIGURE 13. Empirical CDFs of the normalized channel gain when using all 100 or
128 antennas for the two arrays and users in Fig. 12. and the exponential distribution
(A = 1) as reference.

TABLE 3. Settings chosen for the simulations with the COST 2100 channel model.

Setting
Network | ’Indoor_CloselySpacedUser_2_6GHz’
Link ’Multiple’
Antenna "MIMO_Cyl_patch’
Band "Wideband’

V. CHANNEL HARDENING IN THE COST 2100 CHANNEL
MODEL
This section provides a short description of the COST 2100
channel model, the simulations performed with the model,
which are later used for comparison, and an example result
from the simulations. Initial answers to the questions if and
how well the COST 2100 channel model with its model
parameters in general can capture the channel hardening
effect are also given. This is further elaborated on in the
comparison in Section VL

The COST 2100 channel model [24], including the mas-
sive MIMO extension described in [27], is a GSCM that can
stochastically describe massive MIMO channels over time,
frequency and space in a spatially consistent manner. The
goal with the extension is to capture channel characteristics
that become more prominent in massive MIMO channels.
These extensions are:

« 3D propagation,

« the possibility for different parts of a physically large
array to experience different clusters, and

o a gain-function regulating the gain for individual
multipath components, which is of particular importance
to closely-spaced users.

For the evaluation in this paper we use the indoor sce-
nario with the cylindrical array and closely-spaced users
at 2.6 GHz. This scenario has been parameterized based on
the measurement data used in previous experimental analysis
and the complete model can be found at [25]. More specif-
ically, the chosen settings when running the simulations are
outlined in Table 3.

VOLUME 1, 2020

2
B g
: S
g 2 o,
: T
5 4
ho ~\~~
§ -8 S
2 Bl cost omi
........ COsTmeaS
-10t | ‘
o o 102

Number of base station antennas

FIGURE 14. standard deviation of channel gain as a function of number of base
station antennas with an omni-directional antenna (COST omni) or an antenna pattern
with user effect (COST meas) in the COST 2100 channel model for a typical user, and
the complex Gaussian channel as a reference.

In the simulations, 300 snapshots were generated at a rate
of 50 snapshots per second with a user velocity of 0.25 m/s;
this means that samples are taken over a distance of 1.5 m
in total. 129 points in frequency are computed. The simu-
lated propagation environment is combined with a synthetic
antenna pattern of a cylindrical array with 128 antennas at
the base station side. At the user side, the multipath compo-
nents obtained from the simulated environment are combined
with either an antenna pattern with user effect or an omni-
directional antenna, for comparison. A description of the
antenna pattern with user effect can be found in [31].

Each user antenna starts with a random initial orientation
uniformly generated between [—m 7), and during the sim-
ulation each user antenna undergoes a randomly generated
rotation between [—m ) in total in the azimuth plane. For
the obtained transfer function, the channels are normalized
as in (4) and the standard deviation of channel gain is com-
puted as in (7), in the same manner as for the measurement
data. Running the simulation ten times, and averaging the
resulting standard deviation of channel gain over these ten
simulations, gives the result in Fig. 14 for a typical user.

As an example result from the simulations, Fig. 14 shows
the resulting standard deviation both when using the omni-
directional and measured antenna pattern with user effect, for
the same propagation environment. The complex Gaussian
channel is also shown as a reference. The difference of the
starting point of the two curves with different antenna pat-
terns is almost 0.9 dB while at the end point, the difference
is about 3.4 dB. The result here is only for one specific
user antenna pattern, and changing this pattern would affect
the channel hardening. However, it shows that there is both
a limitation on the channel hardening that is imposed by
the simulated environment, in line with the presented theory
in Section III, but also that the antenna pattern of the user
can reduce the experienced channel hardening as much as
to half of the channel hardening experienced with an omni-
directional antenna, on a linear scale. In general, any user
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FIGURE 15. Standard deviation of channel gain as a function of number of base station antennas for one user from (i) the measurements, (ii) the simulation with an
omni-directional antenna and (jii) the simulation with an antenna pattern with user effect in the indoor scenario with the cylindrical array, and the complex Gaussian channel as

reference.

equipment with a non omni-directional antenna pattern will
likely degrade the experienced channel hardening as not all
scatterers will be effective.

VI. COMPARISON BETWEEN THEORY, MEASUREMENTS
AND SIMULATIONS

The last part of this study is a joint comparison of the three
levels at which channel hardening has been analyzed: the-
ory, measurements and simulations. This provides a more
thorough analysis of channel hardening and synthesizes the
three points of view. We discuss aspects which are rele-
vant when designing reliable massive MIMO systems and
highlight channel and antenna characteristics important for
channel hardening.

In Fig. 15, a comparison between theory, measurements
and simulation results from the COST 2100 channel model
is shown. The users shown from the measurements and
simulations are the users with the most channel hardening
(Fig. 15(a)) and the least channel hardening, (Fig. 15(b))
among the nine users when using all 128 base station
antennas. As reference, the complex Gaussian channel is
included.

Quantifying the general behaviour of the curves from the
simulations, Fig. 16 shows the decrease (A) of standard devi-
ation when increasing the number of antennas, averaged over
all users. Here, it can be seen that on average, the slopes
resulting from the measurements and the COST simulations
with measured antenna pattern have very similar behaviors
and that the model in general shows good correspondence.
Meanwhile, the COST simulations with an omni-directional
antenna have in general a larger slope, although not as high
as in the complex Gaussian case due to the limitations in
the environment. Considering the average channel harden-
ing in the three cases, the measurements give a channel
hardening of 3.9 dB, while the COST simulations on aver-
age give, for the measured and omni-directional antenna,
a channel hardening of 3.5 dB and 5.3 dB, respectively.
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FIGURE 16. Decrease (A) of standard deviation of channel gain as a function of the
increasing number of base station antennas for the average user in (i) the
measurements, (ii) the simulation with an omni-directional antenna and (iii) the
simulation with an antenna pattern with user effect, and the complex Gaussian
channel as reference.

Looking at the average starting points for the three cases,
the measurements start at 0.3 dB while the COST simu-
lations with the measured antenna pattern start at 0.6 dB
and the omni-directional antenna at —0.8 dB. Below we
summarize the results and discussions from three important
aspects.

The complex Gaussian channel model is overoptimistic:
Starting the discussion from a theoretical point of view,
the complex Gaussian channel, which is only limited by
the number of antennas, gives a channel hardening of
10.5 dB when having 128 base station antennas. This
channel has often been assumed in theoretical studies of
massive MIMO and is shown in this study to be more
optimistic than real measured massive MIMO channels,
which in general are spatially correlated. In reality the
environment does generally not create as rich scattering
as assumed in the complex Gaussian channel. As a result,
channel responses are rather spatially correlated, and thus
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the environment also imposes a limitation on the achievable
channel hardening; this fact is captured by (3). Moreover,
the interactions between the array and the environment can
result in quite different received power levels at the antenna
elements.

The channel gain distribution over the array is essential:
Repeating the assumptions made in [5] in order to get to (3),
it was assumed that the channel coefficients for all physical
paths are CA/(0, 1) and that the steering vectors of the phys-
ical paths are distributed uniformly over the unit sphere. If
the mean pu and the variance o> would deviate from this
assumption, then the large-scale fading term in (3) would be
bounded by %(%)2, see [5]. With a large variance, relative to
the mean, the standard deviation curves would move up. The
curves would move down if the variance is small relative to
the mean. What can be seen in, e.g., Figs. 8-10 is indeed that
when having a higher mean, the standard deviation curves
in the indoor scenario move down; this is likely due to hav-
ing a strong LOS component. Having a large imbalance in
the channel gain over the array causes variations and can
hence move the standard deviation curves up; causes of these
variations can be due to having some antennas experienc-
ing a strong LOS while others are not. This imbalance can
also occur between the polarization modes. These aspects
could as well change over time and thereby much of the
remaining variations of channel gain come from the time
domain.

The user movements and antenna patterns are uncertain:
The large variation of channel gain in the time domain can
be hard to predict as there is always an uncertainty in the
user movements and as a result of this, in the interaction
between the environment and the antenna patterns of the
user equipment. It is clear that the user antenna pattern and
behaviour can be a limiting factor for the channel hardening.
This can be seen in Fig. 15 as the simulated curves with the
antenna pattern with user effect are close to the user with the
least channel hardening in the measurements in Fig. 15(b),
while a user with an omni-directional antenna experiences
more channel hardening. Assuming a non-beneficial scenario
from the user aspect, then this type of simulation, where the
user equipment is rotating, could be used while in reality it
could happen that conditions are more favourable and thus
a smaller standard deviation could be achieved. For exam-
ple, the user from the measurements with the most channel
hardening in Fig. 15(a), experiences a similar channel hard-
ening as the simulations with the omni-directional antenna
in Fig. 15(b). Overall, the most significant reasons for the
differences between the measurements and the simulations in
Fig. 15 are the different antenna patterns and movements of
the users; to further align the results, then these parameters
should be the same. Further on, since the COST 2100 chan-
nel model is a stochastic channel model, comparisons with
particular measurements are difficult. However, on average
the channel hardening curves resulting from the model show
very similar behavior as for the measurements, as seen in
Fig. 16.
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VIl. CONCLUSION

From our experiments and analysis, we can conclude that
there is a clear channel hardening effect in massive MIMO,
which flattens out the channel fading in frequency and time
as the number of antennas increases. However, the complex
i.i.d. Gaussian channel model, which is commonly assumed
in theoretical studies, is shown to be overoptimistic and
does not provide an accurate model for channel hardening in
massive MIMO. This is due to the fact that real environments
do not provide as rich scattering as assumed in the model
but are rather spatially correlated, as recently acknowledged
in literature. Moreover, interactions between the array and
the environment will cause variations of the received power
levels between the different antenna elements. Therefore, by
investigating the mechanisms that build up the distribution of
channel gain over the array, the channel hardening effect can
be better understood. Power imbalances can be due to having
a set of antennas where some have a stronger LOS and some
not; this imbalance could also be between the polarization
modes. As these imbalances change over time, there will
still be variations of the channel gain that are originating
from the time domain. These changes are hard to predict
as there is always an uncertainty of user movements and
antenna pattern.

We have also shown that the COST 2100 model with
its massive MIMO extension statistically can capture the
channel hardening effect well, given appropriate propagation
parameters and a realistic antenna pattern and user behavior.
As a final remark, in order to maximize the experienced
channel hardening, one needs to find strategies to cope with
the power imbalances over the array and design the massive
MIMO system such that it can best exploit the diversity of
the considered environment. However, channel hardening is
only one part of the complex story of achieving reliable com-
munication and in future work other aspects, such as received
power levels and coverage, should also be considered.
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